ABSTRACT Dual connectivity (DC) is a promising solution to boost system capacity and enhance mobility robustness in the fifth generation networks, allowing mobile users (MUs) to aggregate radio-frequency resources simultaneously from at least two kinds of serving base stations. In this paper, we focus on a novel cache-enabled heterogeneous network, where MUs can flexibly schedule its traffic between traditional sub-6 GHz (µWave) macro cells and dense millimeter-wave (mmWave) small cells. We propose a comprehensive framework of mathematical models for the µWave and mmWave hybrid caching network based on stochastic geometry, and then derive general and tractable expressions of the average successful delivery probability (SDP) for different networks with reasonable approximations. Furthermore, we optimize the caching probabilities for maximizing the SDP in the hybrid network with DC. The problem is non-convex and we solve it numerically using simulated annealing particle swarm optimization algorithm. At last, the simulation results show the effectiveness of our analytical and optimal conclusions.
I. INTRODUCTION
Over the past decade, the global mobile data traffic grows explosively with the proliferation of mobile devices and bandwidth-intensive wireless applications. Monthly global mobile data traffic will be 49 exabytes, and over three-fourths (78 percent) of the world's mobile data traffic will be video by 2021 [1] . To meet the higher capacity and lower latency requirement, several technologies have been studied in the future fifth generation (5G) cellular networks: 1) small cell dual connectivity (DC), which enables flexible and dynamic traffic scheduling between the macro and small cells, and improves the data rates and the efficiency of resource utilization, 2) investigation, development, and application of the large available bandwidth at millimeter wave (mmWave) frequency bands, 3) proactive caching in wireless networks to alleviate the heavy burden on the capacity-limited backhaul link and reduce the transmission latency. Therefore, in this paper we consider a cache-enabled hybrid heterogeneous network (HetNet) with DC, where mobile users (MUs) can get the cached content from traditional sub-6 GHz (µWave) macro cells and dense mmWave small cells simultaneously.
A. RELATED WORK
The concept of DC in the HetNets has been introduced in 3GPP Release 12 [2] , which allows MUs to simultaneously communicate with a macro base station (BS) and a small BS via two different radio interfaces. DC as a key technology in small cell enhancement can achieve the bandwidth demand and improve the data rates in the future networks. Recently, several researchers have done much work on the new challenges brought by DC [3] - [7] . Jha et al. [3] provided a brief survey about the key technical challenges for DC. In [4] , the advantages of allowing for decoupled associations in the DC scenarios were studied. Wu et al. [5] proposed the DC model with constrained backhaul in the HetNets to achieve high radio resource efficiency and low backhaul capacity utilization. Xu and Fu [6] proposed a distributed radio resource allocation scheme in LTE network with DC and studied the relationship between the overall system utility and the penetration ratio of DC capable MUs. Reference [7] studied the association probability of different DC scenarios using the stochastic geometry. Although there have been many studies about optimal resource allocation for data offloading in DC HetNets, few studies paid attention to the characteristics of cache-enabled HetNets with DC.
5G has been proposed to improve the capacity of current networks by a factor of 1000 [8] . However, limited µWave spectrum isn't able to meet the explosive demand in the near future. Therefore, the large available mmWave spectrum (ranging from 30GHz to 300GHz) is becoming attractive and has been considered to be the key to an order of magnitude increase in the capacity of current cellular networks [9] , [10] . Due to the large number of antennas and complex propagation environment, mmWave signals are more sensitive to blockage effects and can be considered as noise-limited rather than interference-limited [11] - [13] . In [14] and [15] , the average line-of-sight (LOS) model for mmWave networks was proposed. In future 5G networks, to alleviate the spectrum crunch and meet the increasing data rate demands, mmWave networks will coexist with traditional µWave networks. However, most recent studies about hybrid network scenarios such as [16] and [17] only consider traditional single connection.
Studies show that a large portion of mobile data traffic is generated by repeated request of numerous popular contents and the storage capacity of memory devices grows rapidly at a relatively low cost. So content caching has been proposed to offload mobile data traffic, improve the throughput and reduce the latency in cellular networks, without requiring additional bandwidth [18] , [19] . Content placement strategy is the key issue in caching design. Li et al. [20] developed a general N-tier wireless cache-enabled HetNet framework and proposed an optimal probabilistic caching scheme for maximizing the successful delivery probability (SDP). Reference [21] proposed an optimal randomized caching policy to maximize the total hit probability. Chen et al. [22] , Chae and Choi [23] , and Cui et al. [24] optimized the probabilistic caching strategy to maximize the successful download probability in small cell networks. Also, cache-aided mmWave ad-hoc networks have been studied in [25] , Vuppala et al. characterized the optimal caching placement with respect to blockages in the mmWave network.
B. OUR WORK AND CONTRIBUTIONS
In this paper, an analytical framework for modeling the hybrid caching network with DC is proposed and then we investigate probabilistic content placement using SDP as the performance metric based on the stochastic geometry. At last, we optimize the caching probabilities for maximizing the SDP with DC. The main contributions of our paper are summarized as follows:
1) The general system model for a novel cache-enabled hybrid network with DC is established, where MUs can flexibly schedule its traffic between traditional µWave macro cells and dense mmWave small cells.
2) We analyze the SDP of the µWave and mmWave network based on stochastic geometry respectively, and derive the closed-form expressions with reasonable approximations.
3) We formulate and solve the optimal probabilistic caching problem for maximizing the SDP in the hybrid network with DC. The optimization problem is non-convex and we solve it numerically using simulated annealing particle swarm optimization algorithm.
C. ORGANIZATION
This paper is organized as follows: Section II presents the system model of the cache-enabled µWave/mmWave hybrid network with DC. The performance metric SDP is analyzed in Section III. In Section IV, we optimize the probabilistic caching placement for maximizing the SDP with DC. Simulation and numerical results as well as discussions are given in Section V. Finally, Section VI provides our conclusions. Several proofs are relegated to the Appendix.
II. SYSTEM MODEL A. NETWORK MODEL
In this paper, we consider the downlink transmission of a 2-tier cache-enabled hybrid HetNet consisting of µWave macro BSs (MBSs) and mmWave small BSs (SBSs), where MUs are assumed to be equipped with two sets of antennas to receive µWave and mmWave signals respectively and can be allowed to simultaneously communicate with an MBS and an SBS via DC. The locations of MBSs are spatially distributed as an independent homogeneous Possion point process (HPPP) µ of density λ µ , and the locations of SBSs are distributed as an independent HPPP m of density λ m . Also, MUs are distributed as an independent HPPP u of density λ u .
B. CACHING MODEL
Consider a file database consisting of all the possibly requested contents denoted by F = {1, 2, . . . , F}, and all the contents are assumed to have equal size and normalized to one for analytical tractability [26] . These contents are ranked according to their popularity in descending order, and the request probability of the f th content follows the Zipf distribution [27] , i.e.:
where z characterizes the skewness of content popularity distribution. Assume each BS of the µWave or mmWave network has a cache capacity of size C µ and C m , respectively. When a content is requested by an MU, it will be delivered directly from the local cache of an MBS and an SBS that have cached it via DC. If no BS caches the content, it will be downloaded from the core network through backhaul links. In this paper, we only consider the transmission of the cached contents at BSs, same as [22] .
Consider the probabilistic caching model where each content is cached in all BSs of the same tier (either µWave or mmWave) with the same probability independently. Define
as the caching probability vectors, where p i µ and p i m denote the probability that the MBSs and SBSs cache the i th content, respectively. They must satisfy:
C. DOWNLINK TRANSMISSION Without loss of generality, a typical MU is assumed to be located at the origin o according to Slivnyak's theorem [28] . In the cache-enabled hybrid HetNet with DC, which MBS or SBS the typical MU is connected to does not only depend on the averaged received power but also the requested and cached contents. Specifically, when the typical MU requests content i, it will be connected to an MBS and an SBS simultaneously, which cache content i and have the strongest average received power among the BSs in the same tier respectively. Since each BS caches contents independently of the others, the locations of the MBSs and SBSs caching content i can be modeled as a thinned HPPP
1) µWAVE DOWNLINK MODEL
We consider all the MBSs operate in the fully loaded state and share the common bandwidth in the µWave tier. The downlink signal-to-interference-plus-noise ratio (SINR) of the typical MU requesting content i at a random distance r from its associated MBS can be described as [29] :
where S µ is the transmission power of µWave BSs, h µ is the small scale fading gain and α is the path loss exponent. In this paper we consider the interference-limited scenario for tractability, where σ 2 µ is small enough compared with the interference power and can be neglected. The inter-cell interference can be divided into two groups: the interference I i µ from the MBSs caching content i and the interferenceĪ i µ from the MBSs not caching content i, which are given by
where¯ i µ denotes the point process of density 1 − p i µ λ µ consisting of the MBSs not caching content i, R j and R k denote the distances between the interfering MBSs and the typical MU. In this paper, we consider Rayleigh fading in the µWave network where h µ is exponentially distributed, i.e. h µ ∼ exp(1).
2) MMWAVE DOWNLINK MODEL
The antenna gains between SBSs and MUs can be modeled according to the sectorized antenna model, given by
where θ 0 denotes the beam-width or main lobe width, G M and G m are the array gains of main and side lobes, respectively. Therefore, the effective antenna gain between the typical MU and SBSs can be described by
where p ij with i, j ∈ {M , m} is the probability of the antenna gain G i G j seen by the typical MU. For simplicity and tractability of analysis, we assume that the SBS and MU antennas are perfectly aligned and the beamforming gain is
MmWave signals are more sensitive to blockages, as certain materials like concrete walls found on building exteriors cause severe penetration loss. In this paper, we adopt the average LOS model proposed in [14] and [15] . The downlink is in LOS state when the distance between a typical MU and its associated SBS is less than r L , and otherwise it is in nonline-of-sight (NLOS) state. Therefore, the downlink SINR of the typical MU requesting content i at a random distance r from its associated SBS can be described as:
where S m denotes the transmission power of mmWave BSs, G is the effective antenna gain and h m is the small scale fading gain of the mmWave network. L m (r) denotes the path loss function, which can be expressed as
L 0 is the path loss at a distance of 1 meter (typically about (ν/4π ) 2 , where ν denotes the mmWave wavelength) [30] . The path loss exponent α m = α L when it is a LOS link and α m = α N when it is a NLOS link. Considering the impact of the interference is much reduced due to the directionality of the mmWave transmissions and at the same time the impact of noise is increased due to the wide bandwidth of the mmWave band, the mmWave network tends to be noise-limited and interference is neglected in the following analysis.
III. PERFORMANCE ANALYSIS
In this section, we derive the SDP of the requested content as the performance metric for the cache-enabled network with DC. The delivery of content i is successful when the received SINR is larger than a target threshold T . Thus, by using the law of total probability, the SDP of µWave MBSs and mmWave SBSs, denoted by P µ and P m , can be expressed as 72374 VOLUME 6, 2018 following according to (6) and (11):
A. SDP OF µWAVE TIER
In the µWave tier, a typical MU is always connected to the MBS which caches the requested content and has the strongest received power. So the probability density function (PDF) f R i µ (r) of R i µ defined as the distance between the typical MU requesting content i and its serving MBS can be derived as follows.
Lemma 1:
Proof: See Appendix A. Then we can derive an analytical closed-form expression for the SDP P i µ of content i in the following theorem according to (12) and (14) .
Theorem 1: the SDP P i µ is
where f (T , α) = Proof: See Appendix B.
In the interference-limited µWave network, the SDP is independent of the MBS density and transmit power. This is because the serving MBS and interfering MBSs have the same cache resource, and the increase in received signal power is counter-balanced by the increase in interference power. Traditional networks without cache have similar performance if noise is neglected [29] .
B. SDP OF MMWAVE TIER
Similarly to (14) , the PDF f R i m (r) of R i m defined as the distance between the typical MU requesting content i and its serving SBS can be given by
In order to get a closed-form expression for the following optimization in the next section, we always use the average received power given in [30] to approximate the signal power as follows, which is a long-term averaged value and fading is averaged out.
Numerical results in section V validate the accuracy of the approximation. Therefore, the SDP P i m of content i can be given in the following theorem, according to (13) , (16) and (17) .
Theorem 2: the SDP P i m is
where
IV. CACHING OPTIMIZATION
In this section, we aim to optimize the caching probabilities for maximizing the SDP with DC. According to (15) and (18), we can derive the SDP P of the µWave/mmWave hybrid caching network with DC in (19) on the next page. Therefore, the optimal caching problem can be formulated as follows: 
This problem is non-convex, and providing an analytical solution to this problem is difficult. In order to solve it, we first use the sequential unconstrained minimization technique [31] to transform the constrained optimization problem P1 into an unconstrained optimization problem P2, given by:
where G(P µ , P m ) is given in (20) on the next page and M k is penal factor about k sequence. Then we use the simulated annealing particle swarm optimization algorithm [32] , which introduces simulated annealing mechanism into the basic particle swarm optimization algorithm, to solve the nonconvex problem numerically. Assuming that P ={P l } l=1...N represents a group of N particles. The l th particle represents
T , and the first F elements are from P µ while the last F elements are from P m in sequential order. The velocity of the l th particle is
The individual extremum and global extremum are represented by P I and P G , respectively. In the process of particle optimization, the position and speed of each particle need to be constantly updated. The formula of speed updating is in (23) .
where w is the inertia weight, v ld is the velocity of the d th element of the l th particle, p I ld is the individual extremum of the d th element of the l th particle, p G d is the global extremum of the d th element and r 1 , r 2 ∼ U [0, 1]. c 1 and c 2 are the acceleration constants. The principle of the algorithm is as follows: Initialize the particle swarm, calculate the target function value of each particle and initialize the individual optimal value and global optimal value. Then, search the individual and global optimal value of particle by simulated annealing algorithm. With the declining temperature Tem, generate a new position of particle. If the objective function C (k + 1) > C (k), update the local position of particle, the individual optimal value and global optimal value. If C (k + 1) < C (k), update the local position of particle with the probability of e
. Otherwise, generate a new position of particle. Repeat the above steps until the global optimal value satisfies the termination condition of the algorithm. The simulated annealing particle swarm optimization algorithm is summarized in the Algorithm 1. It solves the problem P2 and is feasible for practical use according to the following numerical results. The computational complexity is
where k is the iteration number of penal factor M k .
V. NUMERICAL RESULTS
In this section, we evaluate the performance of the proposed optimal probabilistic caching strategy for the cache-enabled hybrid HetNet with DC. Simulation results are also provided to validate the accuracy of our analytical results, including the SDP for the µWave/mmWave hybrid network and the proposed optimal caching strategy. The simulation is conducted in a square area with side length 3.5km. The 2-tier cache-enabled hybrid HetNet is consisted of µWave MBSs and mmWave SBSs. The density of MBSs is λ µ = 1 × 10 −5 /m 2 , the density of SBSs is λ m = 1 × 10 −4 /m 2 , and the density of MUs is λ u = 5 × 10 −4 /m 2 . while L < L max do 6: P(k) = P L . Generate new positions of particles P(k + 1) according to (23) and (24). 7:
else 10:
end if 12: Update P I , P G and C I .
13:
if ε ≤ 0.0001 then 14: Break.
15:
end if 16 : is 28 GHz and the bandwidth is 1 GHz. The mmWave beamforming gain is 225 and the noise power is σ 2 m = −174dBm/Hz + 10log 10 (bandwidth) +10 dB. In the average LOS model, r L = 80m. Figure 1 shows the SDP of µWave MBSs and mmWave SBSs for a requested content i with different caching probabilities, respectively. The analytical results according to Theorem 1 and Theorem 2 are quite close to the simulation results, which proves that our approximations are reliable. Obviously, the SDP of µWave MBSs and mmWave SBSs increases with the increasing caching probability. In Figure 2 , we investigate the impacts of MBS and SBS densities respectively. As shown in Figure 2 , we can see that the SDP has nothing to do with the density of MBSs, which validate the accuracy of Theorem 1. In the mmWave tier, with the fact that the impact of the interference is much reduced due to the directionality of the mmWave transmissions, when the density of SBSs increases, the typical MU can connect to a closer SBS more probably and the SDP also increases.
In Figure 3 -5, we compare the proposed optimal probabilistic caching strategy with two types of popularity-based caching strategies (PCS) and random caching strategy (RCS). In the first type of PCS (PCS-1), SBSs cache the C m most popular contents and MBSs cache the contents ranked from the C m + 1 to C m + C µ . In the second type of PCS (PCS-2), MBSs cache the C µ most popular contents and SBSs cache the contents ranked from the C µ + 1 to C µ + C m . In RCS, MBSs cache each content with the probability C µ /F, and SBSs cache each content with the probability C m /F. Figure 3 shows that the optimal probabilistic caching strategy always performs better than the others and the analytical results is very close to the simulation results. With the increase of SINR threshold, the SDP of the mmWave tier becomes larger than the µWave tier, so the performance of PCS-1 becomes better than PCS-2.
In Figure 4 , we investigate the impact of Zipf parameter with T = 0dB. According to Figure 3 , PCS-1 always performs better than PCS-2 and RCS when T = 0dB. With a large Zipf parameter, e.g., z > 1, PCS-1 can perform nearly as well as the optimal probabilistic caching strategy. This is because the majority of MU requests only focus on those very few popular contents and the optimal probabilistic caching strategy tends to cache those most popular contents when z is large enough.
At last, Figure 5 shows that increasing the cache capacity of MBSs and SBSs can improve the SDP. In Figure 5 , when the cache capacity of SBSs is large enough, in RCS, the caching probability of each content is quite large and also the SDP is large when T = 0dB, z = 0.5. So compared with PCS-1, RCS can improve the SDP of those less popular contents and performs better.
VI. CONCLUSION
In this paper, we develop a general framework for the cacheenabled µWave/mmWave hybrid HetNet with DC. Using stochastic geometry, we theoretically analyze the SDP for the µWave and mmWave network respectively, and derive the closed-form expressions with reasonable approximations. Then we formulate the optimal probabilistic caching problem for maximizing the SDP of the hybrid network with DC. The optimization problem is non-convex and we solve it numerically using simulated annealing particle swarm optimization algorithm. Our analysis results show that the optimal SDP performance of the hybrid network with DC not only depends on the cache size, but also the BS densities and transmit powers of the mmWave network. Numerical results validate the accuracy of our analysis for the SDP of the µWave/mmWave hybrid network, and show that the proposed optimal caching strategy achieves a significant performance gain. Compared with PCS-1, PCS-2 and RCS, the SDP is improved by 14.7%, 13.1%, 14.6%, when T = −10dB. And when T = 15dB, the SDP is improved by 13.7%, 102%, 40.3%, respectively.
As a promising future direction, we will focus on more complex communication scenarios where a typical MU can be connected to a multi-tier (>= 3) network with DC. Take a three-tier network for example: Macro BSs, Femto BSs (FBSs) and Pico BSs (PBSs). Considering the association probabilities of various combinations with DC, such as MBS&PBS, MBS&FBS, PBS&FBS, we can also use the the proposed caching strategy to maximize the SDP.
APPENDIX A PROOF OF LEMMA 1
The PDF f R i µ (r) of R i µ can be derived using the simple fact that the null probability of a 2-D Poisson process with density λ in an area A is exp(−λA).
Therefore, thePDF f R i µ (r) of R i µ can be given by
APPENDIX B PROOF OF THEOREM 1
where (a) follows h µ ∼ exp(1). The locations of interfering BSs can be modeled as two thinned PPPs of density p i µ λ µ and 1 − p i µ λ µ , respectively. Therefore, the Laplace transform L I i µ can be derived as follows:
where (a) follows h µ ∼ exp(1), (b) follows from the probability generating functional of the PPP, (c) is obtained using 
where (a) is obtained using
y−1 dt is the Beta function. Substituting (26) , (28) , (29) into (27) , we obtain the result in Theorem 1.
APPENDIX C PROOF OF THEOREM 2
According to (13) , (16) and (17), we can get 
